The origin and clonality of the Hodgkin and Reed-Stemberg (HRS) cells in Hodgkin's disease (HD) has been much debated. Recently, single cell PCR techniques were established, allowing the study of HRS cells at the single cell level. HRS cells were analysed for Ig gene rearrangements to reveal a potential origin from B lineage cells. Whereas one study did not detect any V gene rearrangements, such rearrangements were found in three other investigations. However, whereas our own group detected clonal V gene rearrangements in the HRS cells of 11 (10 classical and one lymphocyte predominant) out of 12 cases of HD and no rearrangements in the twelfth, Delabie et al. (Blood 1994; 84: 3291-8) described four cases of lymphocyte predominant HD with polyclonal V gene rearrangements and Hummel and colleagues detected monoclonal as well as polyclonal and 'mixed' populations of HRS cells in cases of classical HD. Potential reasons for the differing results of those investigations are discussed.
Introduction
HD is one of the most common malignant lymphomas. It is characterized by a small number of typical mononucleated Hodgkin and multinucleated Reed-Sternberg cells. Due to the small number of HRS cells in the tissue and difficulties encountered in attempts to purify these large and presumably fragile cells, the origin and the clonality of HRS cells is much debated [1, 2] . B-cells, T-cells, macrophages and dendritic cells have been considered as precursors of HRS cells. Several cell lines were established from HD biopsy specimens, showing lymphoid or (in one case) monocytoid features [3, 4] . However, the derivation of the cell lines from the HRS cells is unclear for all of the 14 cell lines described in the literature Several groups attempted to test HD for a lymphoid origin by performing Southern blot analyses for rearrangements of immunoglobulin (Ig) or T-cell receptor (TCR) gene rearrangements [5] [6] [7] [8] . However, Southern blot analysis is not suitable to study HD for a B-or T-cell derivation, since the frequency of HRS cells is usually below the detection level of this method. Furthermore, even if Ig or TCR gene rearrangements were detected in such studies, it is unclear whether clonal gene rearrangements stem from the HRS cells or from the poorly characterized surrounding lymphocytes.
Recently, polymerase chain reaction (PCR) was used to study tissue sections from HD biopsy specimens for clonal Ig heavy chain gene rearrangements [9] [10] [11] [12] . In those analyses DNA isolated from tissue sections was amplified using one or two rounds of PCR and V H consensus primers. The frequency of cases harbouring clonal Ig gene rearrangements varied in those studies from 1 in 36 cases in the study by Angel et al. [9] to 67% positive cases of lymphocyte predominant (LP) HD and 28% positive cases of 'classical' HD, as reported by Tamaru et al. [11] . However, the same problems inherent to Southern Blot analyses of Ig gene rearrangements in HRS cells also apply to these population-based investigations. The inability to detect a clonal gene rearrangement may be due to a low frequency of HRS cells among bystander B-cells, preventing identification of small HRS cell clones carrying Ig gene rearrangements. On the other hand, it is not clear whether clonal gene rearrangements detected with this approach truly originate from the HRS cells or whether they are derived from B-cells in the tissue. In particular, if very sensitive PCR methods are used as in the work of Tamaru et al. [11] it is possible that clonal gene rearrangements stem from B-cells proliferating in germinal centres which are present in lymph node specimens. It is known that these structures can contain large B-cell clones [13] .
Single cell analyses of Hodgkin and Reed-Sternberg cells
Due to the inadequacy of Southern blot hybridization and PCR using whole tissue sections for the study of HRS cells, four groups analysed HRS cells at the single ceU level [14] [15] [16] [17] [18] .
Triimper et al. applied a method where cell suspen-sions were prepared from fresh tissue specimens and subsequently cytocentrifuged on glass slides [16, 17] . Single CD30-positive cells picked from those slides were analysed for V H gene rearrangements by two rounds of amplification. PCR products were blotted and hybridized with a V H consensus oligonucleotide. All 13 cases of HD analysed were negative for V H gene rearrangements [16] . In a second study of the same group, 13 cases of HD (largely overlapping with the first set of cases) were found to be negative also for TCRy gene rearrangements [17] . These studies lead the authors to conclude that in the vast majority of cases HD is neither derived from B-nor from T-cells [16, 17] . However, taking into account the reported difficulty of obtaining HRS cell suspensions [19] , we wonder whether HRS cells may have been specifically lost during the (conventional) isolation procedure used by Roth et al., and at least some of the isolated cells were in reality unspecifically stained macrophages. Furthermore, the PCR strategy used by Roth et al. may be unsuitable to amplify and detect a fraction of Ig heavy chain gene rearrangements (see also [14] ). For example, a hybridization probe used to identify specific PCR products by Southern blot hybridization may fail to detect a considerable proportion of somatically mutated V gene rearrangements. Another approach was chosen by Delabie et al. [15] . These authors prepared single cell suspensions from paraffin-embedded tissues by incubation with collagenase and trypsin [15] . HRS cells from four cases of LP HD were stained for epithelial membrane-antigen expression and isolated from the cell suspension. As a control T-cells and B-cells were isolated and analysed in the same manner. Single cells were analysed for IgH gene rearrangements using a consensus V H primer in a seminested PCR strategy. Whereas T-cells were consistently negative for Ig heavy chain gene rearrangements, B-cells as well as HRS cells gave rise to PCR products for about half of the cells [15] . Interestingly, only clonally independent V H gene rearrangements were obtained for the HRS cells in each of the cases. This implies a polyclonal nature of the HRS cells in the four cases of LP HD analysed. However, since cell suspensions were prepared from formalin-fixed tissues, it has to be taken into consideration that B-cells or fragments of them may be sticking to the HRS cells. This potential serious problem was not controlled in the analysis, because a B-cell sticking to a small T-cell is more easily detected than a B-cell attached to a much larger HRS cell. The finding by Delabie et al. of three V H gene rearrangements in two HRS cells in that study is not expected for a single cell and thus supports the view that B-cells sticking to HRS cells may in reality represent a problem in that study. Our own finding of a high load of somatic mutation in a case of LP HD (see below) might explain the lack of clonal V gene rearrangements in the four cases of Delabie et al.: if mutations are a consistent finding in LP HD, one has to expect cases where clonal V gene rearrangement can not be amplified because of mutations located at positions where the PCR primers hybridize. Thus, in such cases cellular contamination by polyclonal B-cells would feign polyclonality of HRS cells.
Our own group established a method to isolate single cells from frozen tissue sections by micromanipulation [13, 20] . In a first experiment, the method was applied to study B-cell differentiation processes within the histological structures of human lymph node germinal centres [13] . Subsequently, in an attempt to analyse HD for a possible B-cell origin and clonality of the HRS cells, single HRS cells were micromanipulated from three cases of the disease. Clonal V H (and in one case in addition VJ gene rearrangements were amplified from each of the cases [14] . A high load of somatic mutations and evidence for ongoing hypermutation indicated a germinal centre B-cell origin for a case of LP HD, whereas the finding of only non-functional V H and V K gene rearrangements in a case of mixed cellularity HD implied a derivation of the HRS cells from immature B-cells in this case. In an extension of that study, nine further cases of nodular sclerosis and mixed cellularity HD were analysed for V H and V r gene rearrangements. In 8 of those cases clonal Ig gene rearrangements were detected (unpublished observation), thus confirming clonality and derivation of HRS cells from B-cells in the majority of cases of HD. No Ig gene rearrangements were obtained for the ninth case. V gene rearrangements detected in the HRS cells were never amplified from T-cells isolated as a control from adjacent sections of the HD biopsy specimens on the same day and analysed in a blinded fashion together with the HRS cells. For some HRS cells non-clonal Ig gene rearrangements were obtained. However, V gene rearrangements not related to those amplified from HRS cells were obtained also for some T-cells. Thus, these unique V gene rearrangements amplified from some T-and HRS cells most likely represent lowfrequency cellular contamination encountered in the micromanipulation procedure and do not indicate polyclonality of HRS cells.
Clonality of HRS cells as revealed in our study is also supported by two recent analyses of chromosomal aberrations in HRS cells. Clonal abnormalities were found on HD tissue imprint preparations of seven cases of the disease using interphase cytogenetics [21] and in 30 cases of HD applying an elegant combination of fluorescence in situ hybridization and immunophenotyping [22] . In addition, in almost half of the cases of HD, HRS cells contain Epstein-Barr Virus (EBV) sequences. In these cases essentially all HRS cells are EBV-positive, and the analysis of EBV integration suggested monoclonality in each case analysed [23, 24] . Stein et al. concluded from these data 'that the tumor cells harbouring EBV must be monoclonal as well and that the virus entered the tumor cells prior to clonal expansion' [24] .
The method of isolating HRS cells from frozen tissue sections was also applied by Hummel et al. [18] to study HRS cells for clonal IgH gene rearrangements. Twelve cases of mixed cellularity and nodular sclerosis HD with CD20-positive HRS cells were analysed. IgH gene rearrangements were detected in all cases. Three different patterns were observed: Three cases harboured monoclonal V H gene rearrangements, in six cases all HRS cells carried clonally independent V H gene rearrangements and for three cases unique Ig gene rearrangements were obtained in addition to a clonal V H gene rearrangement. These results indicated that at least the majority of B-cell-antigen expressing cases of HD of the mixed cellularity and nodular sclerosis subtype are B-cell-derived. However, in contrast to our own study, a large fraction of those cases appears to harbour polyclonal HRS cells. How can this discrepancy be explained? One important consideration is that Hummel et al. restricted their analysis to CD20-positive cases. CD20 expression is found on HRS cells in only about 14% of the cases of nodular sclerosis and mixed cellularity HD [2] . The cases analysed by us, on the other hand, were negative for CD20 expression and may thus represent a separate subset (the major ones in this scenario) of nodular sclerosis and mixed cellularity HD.
Whether also methodological reasons can account for the different results of our analysis and the one by Hummel et al. is difficult to evaluate since several important experimental details are not specified in their paper: i) Were the T-cells analysed for control picked on the same day and analysed in parallel to the HRS cells? ii) How often were two or more V H gene rearrangements obtained from a single cell? Finding of more than two V H gene rearrangements from a single cell would be a strong indication for cellular or other contamination, iii) The authors state that the cases were analysed at least twice. However, it is unclear whether all those analyses were independent in that separate sections were used in the repeat experiments.
To uncover potential methodological differences as the cause for the different results obtained by Hummel et al. and ourselves, tissue sections from one of the polyclonal cases were kindly supplied by H. Stein and reanalysed by us. Interestingly, no V H gene rearrangements could be amplified from single HRS cells of that case. However, when the HRS cells were analysed for V r light chain gene rearrangements, a clonal V K gene rearrangement was amplified from 6 of 30 HRS cells. In a reanalysis of this case by Hummel and colleagues the same clonal light chain gene rearrangement was detected, and only three heavy chain gene rearrangements were amplified, two of which were identical. Thus, this case of HD previously characterized as polyclonal now turned out to harbour a clonal population of HRS cells. Whether the apparent contradiction between the original analysis of Hummel et al. [18] and the repeat experiments (which gave the same results in Berlin and Cologne) is due to the fact that another part of the lymph node was analysed in the repeat experiments is unclear. However, since in our own study we found clonal V gene rearrangements in 11 of 12 cases (of which five were independently repeated using other sections of the same lymph nodes), never encountered a polyclonal situation and identified a clonal HRS cell population in one of the cases previously described as polyclonal by Hummel et al., we conclude that even occasional polyclonality of HRS cells remains to be demonstrated convincingly. The cytogenetic evidence [21, 22] is in strong support of this position.
Conclusions
We conclude from our results that in the majority of cases, the HRS cells represent a clonal population and are in all likelihood derived from B-lineage cells.
Because of the difficulties to unambiguously identify HRS cells from cell suspensions (discussed above) we recommend to use micromanipulation of single cells from tissue sections to isolate those cells. Furthermore, control experiments (like isolation of cells suitable as negative controls on the same day and analysis of those cells together with the HRS cells in a blinded fashion) are imperative for single cell studies of HRS cells.
The finding of clonal Ig gene rearrangements in HRS cells allows one to address several unresolved issues concerning the pathogenesis and treatment of HD (discussed in [25] ). Using V gene sequences amplified from HRS cells as specific markers for a tumour clone, cellular compartments of the body others than the disease-affected lymph nodes -such as peripheral blood and bone marrow -can be searched for the presence of so far undetectable tumour cells. In particular, stem cell preparations in HD patients receiving autologous stem cell transplantations can be analysed for contaminating HRS cells, and a disease relapse can be monitored using highly sensitive PCR assays. In addition, in vivo models (e.g., growth of HD tissue in SCID mice) and in vitro cell lines of HD can be tested for their relationship to the HRS cells in the patients.
Although a first analysis of HRS cells for TCRy gene rearrangements was carried out (yielding negative results; [17] ), it is clear that additional analyses of HRS cells for TCR gene rearrangements are needed. This will allow one to reveal whether cases of HD originating from T-cells or cases harbouring Ig as well as TCR gene rearrangements also exist Furthermore, micromanipulation of HRS cells and PCR analysis will also allow to study those cells for virus infections and oncogene translocations or other mutations.
Clearly, the study of Ig gene rearrangements of HRS cells at the level of the genomic DNA needs to be complemented by the analysis of gene expression in those cells. A method for mRNA of single cells has been described [26] and a first attempt to apply this technique to HRS cells has been recently made by Triimper etal. [27] .
